ABSTRACT: Production of lactic acid by hydrothermal conversion of glycerol is an option to add value to the large amounts of glycerol that is being generated during the production of biodiesel. This work aimed to separate lactic acid by ion-exchange resins in a fixed-bed column. Adsorption isotherms were obtained from the breakthrough curves using different initial concentrations of lactic acid (60-302 g/l) and temperatures (30, 40 and 60 °C). Maximum adsorption capacities were estimated by the Langmuir model. Adsorption and desorption cycles for a binary and a real mixture were performed. The methodology proposed for the separation of lactic acid in a fixed-bed column presented high values of adsorptive capacity for both Amberlite IRA-96 and Amberlite IRA-67 resins at 30 °C. Lactic acid was more strongly adsorbed by Amberlite IRA-96 than the IRA-67 resin with maximum adsorption capacity of 544 and 341 g/l, respectively. Chromatographic experiments for the singlecomponent solution (lactic acid), binary mixture (lactic acid and glycerol) and real mixture showed high values of recovery (29.2%, 31.3% and 23.5%, respectively) and productivity (3.14, 7.00 and 2.43 kg of lactic acid/kg resin. day).
INTRODUCTION
Since the 1990s, with the development of industrial production plants in commercial scale, there was a massive increase in the studies on renewable fuels, mainly due to environmental concerns and the search for a new competitive fuel as an alternative to oil (Delatorre et al. 2011) . In this regard, biodiesel has been presented as a natural replacement for petroleum diesel, because it can be obtained from renewable sources such as vegetable and animal oils and fats used in frying processes (Ramos et al. 2003) . Over 10% w/w of oil is converted into glycerol during biodiesel production. Production of glycerol by this process is approximately 2,50,000 t/year. This value exceeds the market demand for glycerol (Miranda et al. 2014; Umpierre and Machado 2013) . New uses for glycerol have been researched and developed in order to avoid wasting the excessive amounts of glycerol produced (Silva et al. 2009 ). One of the options is to convert glycerol into other high-added value chemical products, such as lactic acid (Shen et al. 2009 ).
Lactic acid (2-hydroxypropanoic acid) is a chiral organic acid that has two optical isomers, namely, L-and D-lactic acid (Lasprilla et al. 2012; Wu et al. 2012) , and these can be used in a wide range of food, cosmetic, pharmaceutical and industrial applications (Abdel-Rahman *Author to whom all correspondence should be addressed. E-mail: ivanildo@gpsa.ufc.br (I.J. Silva). et al. 2013; Dey and Pal 2012; Zhang et al. 2014) . Recently, lactic acid has become an important monomer in the polymer industry and has been polymerized into biodegradable plastics, such as poly-L-lactic acid and some co-polymers thereof (Abdel-Rahman et al. 2013; Khunnonkwao et al. 2012; Purushothaman et al. 2014) . Poly(lactic acid) is a biodegradable polyester derived from renewable sources and has been used to develop new materials (e.g. medical sutures) or devices (e.g. artificial prostheses) in the health-care industry. Furthermore, poly(lactic acid) is a promising material for food packaging owing to its inherent low toxicity and environmental advantages (Sánchez et al. 2014) . The Global Industry Analyst Inc. announced in January 2011 that the global market for lactic acid is forecast to reach approximately 3,29,000 t by 2015 (Martinez et al. 2013) .
The production of lactic acid is carried out by either chemical or biotechnological (fermentative) routes Sikder et al. 2014) . Fermentation is, nowadays, the main production route used to produce lactic acid, but it requires a long processing time. In addition, fermentation still stands as a process that has a limited production capacity. The production of lactic acid by the hydrothermal route has some advantages such as not requiring live microorganism for processing, faster processing times and possibility of high productivity.
The production of lactic acid requires a purification step to purify lactic acid from the unreacted glycerol and water. The recovery and purification steps are also important because they influence the quality of lactic acid and its final price (Wasewar 2005) . Several studies have been reported in the literature using different recovery techniques of lactic acid, including reactive extraction (Järvinen et al. 2000) , electrodialysis (Hábová et al. 2004) , membrane separation (Persson et al. 2001 ) and ion-exchange chromatography (John et al. 2008) . Although these techniques were successfully used for recovery of lactic acid from the fermentation media, in our literature research, there were no reports on the separation process for lactic acid from chemical conversion.
Among these methods, ion-exchange chromatography has additional advantages because it is simple and easy to operate (Silva and Miranda 2013) . Several commercial ion-exchange resins are available, with different structures and functional groups, which are responsible for the wide variation of their physicochemical properties that control their suitability for a particular purpose (Tong et al. 2004) . The aim of the present study is to evaluate the application of two ion-exchange resins (Amberlite IRA-67 and Amberlite IRA-96) for the adsorption of lactic acid following the conversion of glycerol, which is generated during the production of biodiesel. Several chromatographic experiments were performed using single-component solution (lactic acid), binary mixture (lactic acid and glycerol) and real mixture from the chemical conversion of glycerol to lactic acid. The adsorption capacities were estimated by the breakthrough curves at different temperatures. The recovery and productivity were also evaluated during experimental chromatographic runs.
EXPERIMENTAL ANALYSIS 2.1. Materials
The anion-exchange resins Amberlite IRA-67 and IRA-96 were purchased from Sigma-Aldrich. Table 1 presents their main characteristics. Lactic acid 85% and glycerol (for the synthetic solutions) were purchased from Vetec. The following reagents were of analytical grade: hydrochloric acid (HCl), sulphuric acid (H 2 SO 4 ) and sodium hydroxide (NaOH). The indicator used in the titration was 1% phenolphthalein (C 20 H 14 O 6 ). Ultrapure water (Milli-Q System, Millipore) was used for preparing the solutions.
Experimental Procedure
The columns were manually packed with 40 g of the resins without compression in Superformance chromatographic columns (2.5 i.d. ¥ 11 cm; Gotec-Labortechnik, Germany). The column was equipped with a jacket connected to a thermostat bath (Model TE-2005) to ensure constant temperature during experiments.
For the experiments in fixed bed, the packed column was connected to a low-pressure liquid chromatography system consisting of two diaphragm pumps (Büchi model C-605; Switzerland) delivering clean solvent (water) or adsorbates (lactic acid solution, binary mixture of lactic acid + glycerol or real mixture solution), controller module (Büchi model C-615) and fraction collector (Büchi model C-660). A fraction collector was connected to the system to collect samples for subsequent analysis. The column was equilibrated with deionized water at a flow rate of 2.5 ml/minute (superficial velocity, 30.57 cm hour -1 ) before performing the assays. Experiments began when the pumps were shifted (t = 0) and the adsorbate solution was pumped into the column for enough time to saturate it completely. Samples (5 ml) were collected at the outlet of the detector to determine the concentration of lactic acid and glycerol. After complete saturation, the column was washed (Milli-Q water), eluted (1.0 M HCl), regenerated (0.5 M NaOH) and re-washed (Milli-Q water).
This procedure was repeated for feed concentrations (C 0 ) of single-component lactic acid solutions in the range of 60-302 g/l, at temperatures of 30, 40 and 60 °C. Using the breakthrough curves (C/C 0 vs. time), the concentrations of the adsorbed phase in equilibrium were obtained with each feed concentration, as shown in equation (1) ( 1) where q i is the adsorbed phase concentration (g/l resin) in equilibrium with C 0 , Q is the flow rate (ml/minute), V c is the column volume (cm 3 ) and e is the interparticle void fraction (dimensionless) or bed porosity.
Bed porosity was measured by pulse experiments with 2% blue dextran solution, according to the procedure described by Silva Jr. et al. (2005) .
The hydrothermal process is an important method because under high temperatures and pressures water becomes an effective catalyst and good reaction media with unusual properties. Furthermore, this process may be improved with the addition of an alkali (Sánchez et al. 2014) . This process has high selectivity towards lactic acid. Other compounds that may be formed in low amounts (<2% w/w) during the reaction were neglected in this experiment. The lactic acid and glycerol mixture for the real processing solutions were obtained by hydrothermal processing of glycerol and water. The process was carried out by adding glycerol (100 ml), water (100 ml) and catalyst (sodium hydroxide, 1% w/w) to a 400-ml batch autoclave reactor. The reactor was closed and heating was started after adding the reactants. The reaction time was set to 3 hours after reaching the final reaction temperature (approximately 20 minutes after the heating started). After 3 hours, the reactor was cooled rapidly by passing a cold-water stream (23 °C) through the reactor jacket. The final mixture contained a mixture of lactic acid, glycerol and water that was used in the adsorption experiments.
Analytical Procedures
For single-component chromatographic experiments, the samples (5 ml) were analyzed by titration with 6.0 M NaOH to obtain the lactic acid concentration. The indicator used in the titration was 1% phenolphthalein. For binary and real mixture experiments, the samples were analyzed by gas chromatography (GC). Lactic acid was converted into methyl lactate, before GC analysis, to better analyze the results because GC-flame ionization detector (GC-FID) has very poor sensitivity for lactic acid. Derivatization was carried out by mixing 10 ml of the reaction mixture with 25 ml of methanol and 0.4 ml of H 2 SO 4 , and was accomplished overnight at ambient temperature. The concentration of methyl lactate was calculated based on a five-point calibration curve built using methyl lactate analytical standard (85%) as the reference. The derivatization carried out to quantify the lactic acid also quantifies the lactic salts because when sulphuric acid is added to the sample, any lactic salt will be transformed into sulphuric salt and lactic acid, which is then esterified into methyl lactate. Thus, the formation of lactic salts will be accounted for and expressed as lactic acid.
The samples were analyzed by GC-FID (Thermos model Ultra) using an OV-1 capillary column (length, 30 m; inner diameter, 0.25 mm; film thickness, 0.25 mm). The injector temperature was set at 250 °C. The initial temperature of the oven temperature was set as 50 °C, and was increased to 150 °C at a rate of 5 °C/minute and held for 2 minutes.
RESULTS AND DISCUSSION

Single-Component Adsorption
Several breakthrough curves for lactic acid were measured at feed concentrations ranging from 60 to 302 g/l and at three different temperatures (30, 40 and 60 °C). Figures 1 and 2 show the breakthrough curves of lactic acid for Amberlite IRA-67 and Amberlite IRA-96 resins at 30, 40 and 60 °C for a feed concentration of 302 g/l of lactic acid. Similar behaviours were observed for the breakthrough curves of lactic acid for less concentrated experiments (data not shown). As expected, for less concentrated experiments, the breakpoints occur early than for more concentrated solutions. The time required for the system to reach complete saturation was slightly lower for Amberlite IRA-67 (Figure 1 ) than for Amberlite IRA-96 (Figure 2 ). This result suggests that large amounts of lactic acid are more adsorbed in IRA-96 than in IRA-67.
The adsorption isotherms of lactic acid are presented in Figures 3 and 4 for Amberlite IRA-67 and IRA-96, respectively. Both adsorption isotherms presented a non-linear behaviour, which could be represented by the Langmuir model (Ruthven 1984) ( 2) where q m is the maximum adsorption capacity (g/ml) and b is a model parameter related to the adsorbate-adsorbent interaction (ml/g).
The parameters estimated for the Langmuir model are presented in Table 2 . The adsorption capacity of lactic acid was higher for IRA-96 than IRA-67. The results obtained using the Amberlite IRA-67 and Amberlite IRA-96 resins were higher than those obtained using the Amberchrom GC300C resin (167 g/l) and the AX-1 resin (72.36 g/l) for the adsorption of lactic acid (Nam et al. 2012; Wu et al. 2012) . The adsorption isotherms for Amberlite IRA-67 were slightly influenced by temperature, whereas those for Amberlite IRA-96 were more influenced by increases in temperature. Nam et al. (2012) presented dynamic adsorption results for a mixture of organic acids (composed of acetic acid, formic acid, succinic acid and lactic acid) adsorbed using a non-functional macroporous resin Amberchrom GC300C. This experiment was also carried out in a fixed-bed column. These authors showed the adsorption was not highly influenced by temperature. However, Wu et al. (2012) reported the opposite behaviour in batch adsorption experiments with lactic acid using a non-ionic macroporous resin (AX-1) with phenolic hydroxyl groups. The higher adsorption capacity shown by Amberlite IRA-96 in comparison with Amberlite IRA-67 can be explained by the higher porosity of Amberlite IRA-96 (a macroporous resin with high porosity) that allowed an easier access to the inner surface of the resin for the chemical species. The data allowed for measuring the recovery of lactic acid in both resins as well as its productivity (Table 3 ). Mass balance showed that a minimal sample loss might have occurred during the process. The total lactic acid recovery in the elution step was 25.8% (31 g/l) for Amberlite IRA-67 and 29.2% (35 g/l) for Amberlite IRA-96. The productivity values were 2.78 and 3.14 kg of lactic acid/kg resin. day for Amberlite IRA-67 and Amberlite IRA-96, respectively.
Adsorption/Desorption Experiments in Fixed Bed with Single Component and Binary Mixture Solutions
Experiments with a mixture consisting of glycerol and lactic acid were performed to evaluate the effect of lactic acid adsorption on both resins in the presence of glycerol. Figures 7 and 8 show the adsorption/washing/elution steps for binary solution containing lactic acid (345 g/l) and glycerol (230 g/l) using Amberlite IRA-67 and Amberlite IRA-96, respectively. Tables 4 and 5 show that the recovery of lactic acid solution in the elution step was 22.6% (78 g/l) for Amberlite IRA-67 and 31.3% (108 g/l) for Amberlite IRA-96. The recovery values for the mixture were lower than the values obtained for the lactic acid solution. The lower recovery is probably due to the competitive effect of glycerol present in the solution. In fact, both resins adsorb glycerine and 24-28% of this compound fed to the column is recovered in the elution step. Consequently, the productivity values of the mixture were also lower than for the single solution. The productivity values for the mixture were 7.00 and 9.71 kg of lactic acid/kg resin. day for Amberlite IRA-67 and IRA-96, respectively. Time (min) Figure 5 . Chromatogram for the lactic acid solution with a feed concentration of C 0lacticacid = 120 g/l; T = 30 °C; Q = 2.5 ml/minute in the Amberlite IRA-67 resin.
Adsorption/Elution Experiments Carried Out Using the Real Mixture
Adsorption/washing/elution experiments were carried out using a real mixture produced from the chemical conversion of glycerol into lactic acid by the hydrothermal process. During the formation of glycerol from biodiesel, in addition to the production of lactic acid, acetic acid and formic acid are also produced in very small amounts; however, the reaction selectivity is greater for lactic acid production only. Approximately 90% of glycerol is converted into lactic acid, whereas the remaining amount is unconverted glycerol, acetic acid and formic acid, eventually forming a solution of these acids. Consequently, considering these factors, it was noted that the desorption peak of the real sample was lower compared with the other peaks obtained with the single-component solution and the binary mixture for the same resins used, because the real solution is more complex. This can be confirmed by the percentage recovery value obtained in the elution step, which was 15.9% and 23.5% for the Amberlite IRA-67 and Amberlite IRA-96 resins, respectively. The value of productivity obtained in the real sample was 1.97 for the Amberlite IRA-67 resin and 2.43 for the Amberlite IRA-96 resin, with the latter showing a better performance for the adsorption of lactic acid.
CONCLUSIONS
The results obtained in this study showed that the ion-exchange resins used in the separation of lactic acid in a fixed-bed column show a satisfactory performance, presenting good adsorption capacity for the acid in single-component solution, binary and real mixtures. The adsorption isotherms for both resins were influenced negatively by an increase in the process temperature. The adsorption isotherms followed the Langmuir model. The best result was obtained with the Amberlite IRA-96 resin at 30 °C. Under this condition, the Langmuir maximum adsorption capacity was 544 g/l and the Langmuir constant was 0.008 l/g. Both resins adsorb glycerine and lactic acid, which is caused by the similarity between both molecules. However, for the Amberlite IRA-96 resin, the selectivity towards the adsorption of lactic acid was higher and the system showed better adsorption, desorption and recovery rates.
